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DESCRIPTION 

PIASMR INJECTOR, EXHAUST GAS PURIFYING SYSTEM AND 
METHOD FOR INJECTING REDUCING AGENT 

5 TECHNICAL FIELD 

The present invention relates to an injector for 
injecting a reducing agent, an exhaust gas purifying 
system wherein a reducing agent is injected upstream of a 
catalyst in an exhaust pipe, and a method for injecting a 
10 reducing agent in a liquid state - 

RELATED ART 

Fig. 1 shows "a cdbvehtional injector which is used 
for directly injecting a fuel into a combustion chamber 

15 of an internal combustion engine- The injector 10 

comprises a nearly cylindrical nozzle 12 having a hollow 
space 13 therein, and a nearly col\imnar needle valve 14 
which slides (moves) in the hollow space 13 in the nozzle 
12- The nozzle 12 and the needle valve 14 are disposed 

20 such that their axial lines "A" are coaxial- The nozzle 

12 is provided with a supply passage 15 communicating 
with the hollow space 13- The. supply passage 15 is 
connected to a fuel source (not shown) , and high-pressure 
fuel is supplied into the hollow space 13 through the 

25 supply passage 15. The fuel to be supplied flows to the 

distal end portion 18 of the nozzle 12 through an annular 
path 16 between the needle valve 14 and the inner wall 
surface of the nozzle 12, and is injected from injection 
holes 19 at the distal end portion 18 of the nozzle 12. 

30 In this injector, the inlet of the injection holes 19 is 

closed or opened by sliding the needle valve 14 In the 
hollow space 13 to bring the distal end portion of the 
needle valve 14 into contact, with the inner wall surface 
of the nozzle distal end portion 18, whereby the 

35 injection of a fuel from the injection port 19 is 

controlled* 

Such an injector is. used for injecting a fuel into 
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an exhaust pipe through which an exhaust gas from an 
internal combustion engine flows, and Japanese Unexamined 
Patent Publication (Kokai) No. 2001-159309 discloses this 
type of injector. This patent publication document 
proposes generating an electric discharge in an exhaust 
pipe by using an electric-discharge apparatus disposed 
upstream of a catalyst, and injecting a reducing agent 
upstream of the electric-discharging apparatus. 
According to this technique, the oxidation from NO into 
NO2 in the electric-discharge apparatus can be accelerated 
due to the presence of the hydrocarbon (HC) . Also, this 
patent publication document proposes injecting a reducing 
agent upstream ^of a. catalyst, and generating an electric- 
discharge plasma on the catalyst. According to this 
technique, the reaction on the catalyst is further 
accelerated and the purification activity can be 
enhanced* 

Japanese Unexamined Patent Publication (Kokai) No. 
5-321634 describes using electric-discharge plasma for 
purifying an exhaust gas of a motor vehicle. This patent 
publication docioinent relates to a PM (particulate matter) 
purifying apparatus wherein PM in an exhaust gas from a 
diesel engine is trapped at a PM tarp, and the PM trap is 
regenerated by supplying fresh air thereto. This patent 
publication document further proposes adding water to the 
fresh air supplied to the PM trap and generating OH 
radicals by providing a corona electric discharge 
thereto, and thereby promoting combustion of the PM 
trapped in the PM trap with use of the generated OH 

radicals* . • * \ * 

With respect to the use of an electric-discharge 
plasma for purifying an exhaust gas of motor vehicles, 
Japanese Unexamined Patent Publication (Kokai) No. 6- 
34 3820 proposes supplying water vapor into a plasiiia 
generator, and supplying the obtained waters-vapor plasma 
into an exhaust gas, and thereby oxidizing harmful 
components in the exhaust gas and rendering the gas 



harmless. In this patent publication document, it is 
disclosed that active chemical species such as 0, OH, H, 
H2O and 03 are obtained by adding water vapor to the 
plasma generator. 

As Stated above, an injector for injecting a 
reducing agent is used in various applications • However, 
in any o£ these applications ^ there is a problem that a 
reducing agent can not be sufficiently vaporized by 
merely injecting the reducing agent, especially in a low 
tertperature atmosphere. 

If a reducing agent, which is injected into an 
exhaust pipe through which an exhaust gas from an 
internal combustion engine flows ^ is insufficiently 
vaporized, diffusion of the reducing agent to a catalyst, 
and the contact between the reducing agent and a 
catalyst,- become insufficient/ and thereby purification 
of the exhaust gas cannot be sufficiently achieved, and 
unreacted fuel may be discharged to the atmosphere.- 

It is well-3cnown to use a plasma for purifying an 
exhaust gas, as ! stated in the above Japanese Unexamined 
Patent Publication (Kokai).No- 2001-159309. However, 
when a fuel is injected into an exhaust gas and then a 
plasma is generated at the region where the exhaust gas 
is purified, as per this patent publication document, a 
large amount of energy is required to a generate plasma 
and the plasma density obtained thereby becomes small/ 
because all of an exhaust gas flow is converted into a 
plasma. 

Therefore, there are demands for an injector/ an 
exhaust gas purifying system and a method for injecting a 
reducing agent which enable vaporizing a reducing agent 
supplied by an injector, and/or easily providing a highly 
reactive reducing agents even when the reducing agent is 
not sufficiently vaporized, by merely injecting it. 

DISCLOSURE.. OF THE INVENTION 

The plasma injector of the present invention is an 



injector for injecting or jetting out a reducing agent. 
The plasiua injector comprises an injection nozzle, and a 
plasma generator which generates a plasma in the vicinity 
of an injection port at the distal end portion of the 
injection nozzle. Further, the plasma injector injects a 
reducing agent in a liquid droplet state, and at least 
partially converts the reducing agent injected in a 

liquid droplet state into a plasma to vaporize the 

... , • . 

reducing agent; ' : . 

According to the plasma injector of the present 
invention, as the reducing agent injected in a liquid 
droplet state is at least partially converted . into a 
plasma and thereby vaporized, it is possible to 
instantaneously vaporize the reducing agent, and to 
optionally convert a reducing agent into low molecular 
weight components^ having high reactivities, by 
radicalizing and cracking the reducing agent, even under 
the condition that the reducing agent is not sufficiently 
vaporized by merely injecting it, especially if a high 
molecular weight reducing agent is injected at a lower 
temperature . 

Further^ according to the plasma injector of the 
present invention, as the plasma injector is provided 
with a plasma generator which generates a plasma in the 
vicinity of a injection port at the distal end portion of 
the injection nozzle, it is possible to generate a plasma 
in the vicinity of a injection port at the distal end 
portion of the injection nozzle, i.e. in a part of an 
area to which the reducing agent is injected rather than 
the whole of the area. Therefore, an area wherein a 
plasma is generated can be small, i.e. a larger plasma 
density can be obtained with a smaller energy 

consumption - 

In one embodiment of the plasma injector of the 
present invention, the plasma generator is located at the 
distal end portion of the injecting nozzle. 

According to the embodiment, a plasma can be easily 
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generated in the vicinity at the distal end portion of 
the injecting nozzle. 

In one embodiment of the plasma injector of the 
present invention, the plasma is an inductive-coupling 
5 plasma; the plasma generator located at the distal end 
portion of the injection nozzle comprises a cup-shaped 
member surrounding the injection port of the injection 
nozzle, and an inductive coil surrounding the cup-shaped 
member; and the cup- shaped member is made of an 

10 electromagnetic wave-transmissive material. 

According to the embodiment, an inductive-coupling 
plasma can be generated inside the cup'-shaped member and 
in the vicinity.iithej^epf by supplying a high-frequency 
current from a high-frequency electric power source to 

15 the induction coil such that a magnetic field and then an 

eddy current are generated inside the cup-shaped member. 

In one embodiment of the plasma injector of the 
present invention, the plasma is an electric-discharge 
plasma; the plasma generator located at the distal end 

20 portion of the injection nozzle comprises a cup-shaped 
member surrounding the injection port of the injection 
nozzle; the cup-shaped member is made of an electrically 
semi conductive material or an electrically conductive 
material; and the cup-shaped member and the distal end 

25 portion of the nozzle are electrically insulated from 

each other to be coupled electrodes - 

According to the embodiment, an electric-discharge 
plasma can be generated inside the cup-shaped member and 
in the vicinity thereof, by applying a voltage between 

30 the cup- shaped "'member and the distal end portion of the 
injection nozzle such that an electric discharge is 
generated therebetween. 

In one embodiment of the plasma injector of the 
present invention, the plasma is an electric-discharge 

35 plasma, a microwave plasma or an inductive-coupling 

plasma . 

The use of an inductive-coupling plasma or a 



^ 6 - 

microwave plasma, is • preferable in view of durability, 
because electrodes (metal portions) can be prevented from 
being directly exposed to a high-temperature plasma. As 
an electric-discharge plasma, an arc discharge plasma and 
5 a corona discharge plasma, such as a barrier discharge 

plasma, can be utilized. The use of an arc discharge 
plasma is preferable in that the output can be easily 
increased by increasing the electric-discharge current or 
electric^discharge voltage, and that a stable electric 

10 discharge can continue for a long period of time. Also, 

an arc discharge plasma is preferable in that the 
apparatus and technique for generating an arc discharge 
plasma are simple, and the cost of the equipment is 
relatively low. The use of a barrier electric-discharge 

15 plasma is preferable in view of stability of plasma and 

durability of electrodes . 

The exhaust gas purifying system of the present 
invention is ari^'exhaus't gas purifying system wherein a 
reducing agent is injected upstream of a catalyst located 

20 in an exhaust pipe. In the exhaust gas purifying system, 

the reducing agent is injected by the plasma injector of 
the present invention . 

According to the exhaust gas purifying system of the 
present invention, it is possible to promote the 

25 diffusion of a reducing agent to a downstream catalyst 

and the contact between a catalyst and a reducing agent, 
because a reducing agent is vaporized, and optionally 
converted into low molecular weight components having 
high reactivity, by the plasma injector of the present 

30 invention • This accelerates a reducing reaction on a 

catalyst, and thereby prevents unreacted reducing agent 
from being exhausted to the atmosphere. 

In one embodiment of the exhaust gas purifying 
system of the jpreservt. invention, the catalyst is a NOx 

35 purifying catalyst, particularly a NO^ storage-reduction 

catalyst or a NOx selective-reduction catalyst. 

According to the embodiment, it is possible to 
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accelerate a .NOx reduction reaction on the catalyst. 

Another exhaust gas purifying system of the present 
invention is an exhaust gas purifying system wherein a 
reducing agent is injected upstream of a catalyst located 
5 in an exhaust pipe by an injector* In the exhaust gas 

purifying system^ a plasma is generated in the vicinity 
of the injection port of the injector. 

According to the exhaust gas purifying system of the 
present invention, it is possible to radicalize and crack 

10 a reducing agent in a small area in the vicinity of the 

injection port to convert the reducing agent into small 
molecular weight components having high reactivity, 
and/or to instantaneously vaporize the reducing agent 
even under the condition that the reducing agent is not 

15 sufficiently vaporized by merely injecting it. 

The conversion of a reducing agent into highly 
reactive components having a small molecular weight 
and/or the vaporization of a reducing agent enables 
promotion of the diffusion of the reducing agent to a 

20 downstream catalyst and the contact between the reducing 

agent and the Qatalyst. This enhances a reducing 
reaction on the catalyst, and prevents unreacted reducing 
agent being discharged to the atmosphere. Further, the 
area wherein a plasma is generated can be small/ i.e» a 

25 larger plasma density can be obtained with use of a 

smaller energy consumption, by generating plasma in the 
in the vicinity of an injection port, i.e. across a part 
of the diameter of the exhaust pipe rather than, across 
the whole diameter of the exhaust pipe. 

30 The method for injecting 6r jetting out a reducing 

agent of the present invention is a method comprising 
injecting a reducing agent in a liquid drop state, and 
then at least partially converting the reducing agent 
injected in a liquid drop state into a plasma to vaporize 

35 the reducing agent. 

According to the method for injecting a reducing 
agent of the present invention, when a reducing agent is 
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injected^ and particularly when a reducing agent having a 
higher boiling point is injected at a lower temperature, 
it is possible to instantaneously vaporize a reducing 
agent such that the mixing of the reducing agent and air 
5 is promoted, even if the reducing agent is not 

sufficiently vaporized by itierely injecting it. Further, 
in some cases, it is possible to convert a reducing agent 
into low molecular weight components having high 
reactivity by radicalizing and cracking the reducing 
10 agent. 

Using the injector, the exhaust gas purifying system 
and the method ,,f,c>r iinjecting reducing agent of the 
present invention, it is possible to converl: a reducing 
agent into low molecular weight components having high 
' 15 reactivity, by radicalizing and cracking the reducing 

agent supplied in an injection manner, and/or to 
instantaneously vaporize the reducing agents even under 
the condition that the reducing agent is not sufficiently 
vaporized, by merely injecting it. 

20 

BRIEF DESCRIPTION OF DRAWINGS 

Fig. 1 is an enlarged cross-sectional view of a 
conventional in j ector , 

Fig. 2 is a schematic cross-sectional view showing 
25 the concept of the plasma injector of the present 

invention . 

Fig. 3 is a schematic cross-sectional view showing 
one embodiment of the plasma injector of the present 
invention wherfeTn an 'inductive-coupling plasma is 

30 utilized. 

Fig. 4 is a schematic cross-sectional view showing 
another embodiment of the plasma injector of the present 
invention wherein an electric-discharge plasma is 
utilized . 

35 Fig. 5 is a conceptual view showing a mechanism for 

generating a microwave plasma. 

Fig- 6 is a schematic cross-sectional view showing 
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the exhaust gas purifying system of the present 
invention. 

Fig. 7 is scfientatic view showing an experimental 
apparatus for performing cracking of a hydrocarbon 

molecule by a plasma* 

Fig. 8 is a schematic cross-sectional view showing a 
nozzle used in the experimental apparatus shown in Fig. 

BEST MODE FOR CARRYING OUT THE INVENTION 
The present invention is specifically described 
below based on the embodiments shown in the Figures. 
Each Figure schematically shows the present invention, 
but the present invention is not limited to the 
embodiments • 

<Plasma Injector of The Present Invention> 
The plasma injector of the present invention is 
schematically described with reference to Fig. 2. 

The plasma>vinj.ector of the present invention can at 
least partially convert an injected reducing agent into a 
plasma. The plasma can be generated by injecting a 
reducing agent from a injection port 19 at the distal end 
portion 18 of an injection nozzle to a plasma region, 
particularly to a plasma region in the vicinity of the 
injection port 19- 

A reducing agent to be injected by the injector of 
the present invention can be arbitrarily selected 
depending on usage. The reducing agent includes a 
hydrocarbon such as gasoline and a light oil, an ether, 
and an alcohol. Incidentally, the term "reducing agent" 
means a substance which is supplied from an injector to 
reduce the other substances. That is, it is possible to 
inject a gasoline into a combustion chamber as a fuel for 
generating a motive energy by an internal combustion 
engine, and at the same time to inject a gasoline to an 
exhaust pipe asS^'a .'^educing agent" to reduce NOx in an 
exhaust gas emitted from the internal combustion engine. 
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Also^ a fuel as a motive power source of an internal 
combustion engine and a ^'reducing agent" for purifying an 
exhaust gas may differ from each other. 

The nozzle of the plasma injector of the present 
5 invention may be any, nozzle. For example, the injector 

of the present invention may have a mechanism of a 
conventional injector used for injecting a fuel to a 
combustion chamber of an internal combustion engine, as 
shown Fig- 1. 

10 In the case where a plasma is generated in a region 

near the injection port 19 of an injector by the plasma 
injector of the present invention, this plasma 20 in the 
vicinity of the injection port 19 is not in the entirety 
but in a part of a space such as an exhaust pipe whereto 

15 a reducing agent is injected by the injector. The plasma 

20 may be, for example, in a region within 5 cm, 
particularly within 2 cm, more particularly within 1 cm, 
from the injection port 19- 

The plasma injector of the present invention can be 

20 provided with a plasma generator at the distal end 

• portion 18 of the injection nozzle. The plasma generator 
at the distal en^ p'brtiion 18 of the injection nozzle can 
be several plasma generators as shown in Figs. 3 and 4« 
A plasma generator shown in Fig. 3 generates an 

25 inductive-coupling plasma. In the inductive-coupling 

plasma generator 30, a cylindrical cup 32 is located at 
the distal end portion 18 of the injection nozzle of the 
injector as shown in Fig. 1- The cup 32 is formed of an 
electromagnetic wave-transmitting material and, for 

30 example, of an insulative material such as quartz. 

Around the cup 32, an induction coil 33 for generating an 
induced electric field is disposed. The induction coil 
33 is connected at one end to a high-frequency electric 
power source 35 via a matching box 36, and is grounded at 

35 the other end. 

When using the inductive-coupling plasma injector, a 
high-frequency current is supplied from the high- 
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frequency electric power source 35 to the induction coil 
33 while the impedance is adjusted by the matching box 
36, such that, inside the cup 32, a magnetic field and 
then an eddy current are generated, whereby a plasma 20 
is inductively generated inside the cup 32 and in the 
vicinity thereof; As the high-frequency current used 
here, for example, a current having a frequency of 2 to 
50 MHz, particularly from 3 to 40 MHz, can be used, 

A plasma generator shown in Fig. 4 generates an 
electric-discharge plasma. In the electric-discharge 
plasma generator 40, a cylindrical cup 42 is located at 
the distal end portion 18 of the injection nozzle of the 
injector as shown in Fig. 1. The cup 42 and the distal 
end portion 18 of the nozzle are electrically insulated 
from each other by an insulative material 43, The cup 42 
is connected to an electric power source 45, and the 
distal end portion 18 of the nozzle are grounded, such 
that the cup 42 and the distal end portion 18 of the 
nozzle form an electrode pair together. Each of the cup 
42 and the distal end portion 18 can be cathode or anode. 
Although the distal end portion 18 of the nozzle is 
grounded in Fig. 4, the distal end portion 18 can be 
connected to an electric power source 4 5 such that an 
electric voltage opposite to that applied to the cup 42 
is applied to the distal end portion 18, 

When using the electric-discharge plasma injector, 
it is possible>v1bb. g^enerate an electric discharge between 
the cup 42 and the distal end portion 18 of the nozzle 
with use of the electric power source 45, and thereby 
generate a plasma 20 inside the cup 42 and in the 
vicinity thereof. 

The cup 42 and the distal end portion 18 of the 
nozzle may be made of any material that makes it possible 
to apply. a voltage and thereby generate an electric 
discharge therebetween ► The material may be an 
electrically conductive material or a semi -conductive 
material. The material is preferably a metal such as 



12 - 

copper, tungsten, stainless steel, iron, and aluminum. 
As the material, a material having a high melting 
temperature such as tungsten is preferable because, and 
especially in the case of an arc discharge, the 
5 electrodes reach a very high temperature. An insulative 

material can be located on the electrically conductive or 
semi-conductive material in order to achieve a barrier- 
electric discharge. 

In the case of generating a plasma in the electric- 

10 discharge plasma injector by using. an arc discharge, the 

electric power source 45 can supply, for example, a 
voltage of 1 to 50 V and an electric current of 5 to 500 
A. In the arc- tiisdharge, the electric discharge is 
maintained by electrons emitted from a cathode. As for 

15 the electric current for generating the arc discharge, 

not only a direct current (DC) but also an alternating 
current (AC) can be used. 

In the case of generating a plasma in the electric- 
discharge plasma injector of the present invention by 

20 using a corona discharge, the electric power source 45 

may supply either a pulsed DC voltage or a pulsed AC 
voltage- As for the voltage applied between the cup 42 
and the distal end portion 18 of the nozzle, a voltage of 
1 kV to 100 kV and, for example, 40 kV to 60 kV, can be 

25 generally used. The pulse period of the applied voltage 

may be from 10 ms to 0.1 jas, and particularly from 0.1 \is 
to 10 |xs. 

<E3chaust Gas Purifying System of the Present Invention> 
The exhausi; gps purifying system of the present 

30 invention can be the one shown in Fig. 6. 

In Fig. 6, an exhaust gas purifying system 70 of the 
present invention is shown. The exhaust gas purifying 
system 70 of the present invention comprises an injector 
10; an exhaust pipe 76, a catalyst, especially a NOx 

35 purifying catalyst 72 such as a NOx storage-reduction 
catalyst or a NOx selective-reduction catalyst; and a 
casing 74. The arrow 74 indicates the direction of an 



exhaust gas flow. The injection of a reducing agent by 
the injector 10 can be controlled via a control line 10a - 
A plasma 20 in the vicinity of the injection port of the 
injector 10 is shown in the figure- The exhaust gas 
purifying system 70 of the present invention may be 
similar to a conventional exhaust gas purifying system, 
excepting that system is provided with the plasma 
generator for generating the plasma 20. 

In the plasma region 20 in the vicinity of the 
injection port of the injector 10, a reducing agent 
injected by the injector 10 can be vaporized and/or 
converted into small molecular weight components having 
high reactivity. The plasma" region in the vicinity of 
the injection port is in a part of an exhaust pipe 
diameter and not across the whole of the exhaust pipe 
diameter. Tlie.^plasmayjre.gion may be, for example, in a 
region within 5 cm, particularly within 2 cm, more 
particularly within 1 cm, of the injection port of the 
injector 10. 

In the exhaust gas purifying system 70 of the 
present invention, it is possible to inject not only a 
fuel, such as gasoline and a light oil, used as a motive 
power source of an internal combustion engine, but also a 
separate reducing agent, as a reducing agent- The NOn 
purifying catalyst which can be used in the exhaust gas 
purifying system of the present invention is a catalyst 
for accelerating the reduction of NQx in an exhaust gas, 
especially an exhaust gas from an internal combustion 
engine . 

Although a plasma can be usually generated in the 
exhaust gas purifying system of the present invention, it 
is preferable, in the view of energy consumption, to 
generate plasma"^brily a't the moment of injecting a 
reducing agent, particularly only at the moment of 
injecting a reducing agent under the condition that the 
system is not sufficiently warmed up. 

<Plasma> 



■ As is generally known, a plasma means a state of a 
substance wherein two or more freely moving positively 
and negatively charged particles are present together. 

Accordingly, a substance in a plasma state has a high 

potential energy, and can convert a reducing agent into 
low molecular weight components having high reactivity 
through radical formation and cracking. Further, even 
when a reducing agent is injected in a liquid drop state, 
it is possible to vaporize^ radicalize and crack the 
reducing agent to provide low molecular weight components 
having high react ivity. 

In order to generate a plasma for the present 
invention, any plasma-generating manner can be 
considered. The present invention is not limited by the 
manner o£ generating a plasma and, for example, an 
electric-discharge plasma, a microwave plasma or an 
inductive^coupling plasma may be used for the present 
invention. They are described below. 
< Inductive-Coupling Plasma> 

An inductive-coupling plasma is a plasma generated 
in the following manner. A high-frequency current is 
supplied to an induction coil surrounding around a space 
wherein a plasma is to be generated such that, inside the 
induction coil, a magnetic field and then an eddy current 
are generated, whereby a. plasma is inductively generat^ed. 
As the high-frequency current used here, for example, a 
current having a frequency of 2 MHz to 50 MHz, 
particularly from 3 MHz to 40 MHz, can be used* 

The inductive-coupling plasma is preferable in the 
view of durability since electrodes (metal parts} can be 
prevented from being exposed to a plasma* 
<Electric- Discharge Plasma> 

An electriG-di^3charge plasma is a plasma generated 
by the following manner. High--energy electrons produced 
by an electric discharge between electrodes are forced to 
collide with gas molecules and, thereby, the gas 
molecules are ionized into positive ions and negative 
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ions. For generating this discharge plasma^ any 
discharge mode may be used, and an arc discharge, or 
corona discharge, such as barrier discharge, can be 
utilized. 

5 In the case of generating a plasma by an arc 

discharge, for 'Sxaitipidi'i a voltage of 1 v to 50 V and an 
electric current of 5 A to 500 A can be supplied between 
electrodes. In the arc discharge, the electric discharge 
is maintained by electrons emitted from a cathode. As an 

10 electric current for generating an arc discharge, not 
only a DC voltage but also an AC voltage can be used. 

The arc discharge is advantageous in that the output 
can be easily increased by increasing a discharge current 
or discharge voltage, and that a stable electric 

15 discharge can continue for a long period of time. Also> 

in the arc discharge, the apparatus and technique for 
generating the arc discharge are simple and the cost of 
equipment is relatively low. 

In the case of generating a plasma by a corona 

20 electric discharge, a pulsed DC voltage or a pulsed AC 
voltage can be applied between electrodes. As the 
voltage applied- betiveen electrodes for generating a 
corona discharge, a voltage of 1 kV to 100 kV and, for 
example, 40 kV to 60 kV, can generally be used. The 

25 pulse period of the applied voltage may be from 0.1 ms to 

10 ms or less, and particularly from 0.1 ms to 1 ms. 
Incidentally, in the view of stability of plasma and 
durability of electrodes, it is preferable to perform a 
barrier discharge by disposing an insulative material on 

30 the electrodes. 

<Microwave Plasma> 

A microwave plasma is a plasma generated by the 
following manner, A microwave generated by a microwave 
generating device such as a magnetron, for example a 

35 microwave at a frequency of about 2.54 GHz, is irradiated 
from an antenna, via a waveguide, to a region wherein a 
plasma is generated, and thereby the electric field 



strength in the region is intensified . 

Particularly^ in the case of generating a microwave 
plasma at an atmospheric pressure or at a gas pressure 
higher than that, it is advantageous to use a plasma- 
exciting material and generate a plasma in the periphery 
of the plasma-exciting material by irradiating microwaves 
onto the plasiaa|:exciting material. The plasma-exciting 
material may be made of any material -which promotes 
generation of a plasma, in the periphery thereof, upon 
receiving microwave radiation. The plasma-exciting 
material is^ for example, an electrically conductive 

ceramic and, particularly, is an electrically conductive 
ceramic sintered body such as an SiC sintered body. 

A microwave plasma can be generated by use of a 
plasma-exiting material as shown in Fig. 5. Fig- 5 shows 
a Sic sintered body as a plasma-exciting material, a 
microwave 54 irradiated onto the plasma-exciting material 
52, an arrow 56 indicating a gas flow, and a plasma 20 
generated. 

<Crac}cing of Reducing Agent by Plasma> 

Considering the very high energy state of a plasma, 
it would be apparent to one skilled in the art that 

vaporization, radicalization and/or cracking of a 

-.u- n. X*. 

reducing agent can be momentarily performed by converting 
at least a part of a reducing agenl: into a plasma « In 
the following description, the cracking and the like 
caused by converting a hydrocarbon (Ca3H28) into a plasma 
are experimentally confirmed- 

A testing apparatus as shown in Fig. 7 was used. In 
the experiment/ a fuel {C13H28) from a fuel supply and N2 
as a carrier gas from a N2 supply were mixed and supplied 
to the chamber via a nozzle^ An electric-discharge 
plasma was generated by generating an electric discharge 
in the nozzle. In this experiment, it was observed that 
a discharge plasma was jetted out from the distal end 
portion of the nozzle. N2 from the N2 supply was also 
directly supplied to the chamber, A part of the exhaust 
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gas from the chambei: was analyzed by a gas chromatograph. 

Fig, 8 show's the nozzle used in .this experiment for 
generating a plasma. The nozzle shown in Fig, 8 . 
comprises a hollow cylindrical electrode 92 and a rod- 
like electrode 94 disposed on the central axis of the 
cylindrical electrode 92. A gas flow path 96 is formed 
between these electrodes. The arrow 98 shows the gas 
flow passing through the gas flow path 96. In this 
nozzle/ a voltage is applied between the hollow 
cylindrical electrode 92 and the rod-like electrode 94 
disposed on the central axis of the cylindrical electrode 
92 by an electric power source 93 , whereby electric 
discharge is generated between the distal end portion 92a 
of the hollow cylindrical electrode 92 and the distal end 
portion 94a of the rod-like electrode 94. Incidentally^ 
a glass pipe is disposed inside the cylindrical electrode 
to cause a barrier discharge. 

According^.to . this experiment^ to C3 components 
were detected by the gas chromatography only when a 
plasma was generated by an electric discharge. This 
reveals that the plasma can crack a relatively large 
molecule (C13H28) into relatively small molecules (Ci to 



